The effects of Co 3 O 4 loading, precalcination temperature and ZnO treatment on the catalytic properties of the Co 3 O 4 /Al 2 O 3 system were investigated. The amounts of Co 3 O 4 were varied between 5.57 wt% and 32.0 wt% and the resulting solids subjected to heat treatment at temperatures in the range 400-600ºC. The amounts of ZnO were varied between 0.36 wt% and 2.12 wt%. The results obtained indicated that ZnO treatment of Co 3 O 4 /Al 2 O 3 solids followed by precalcination at 400ºC resulted in a progressive decrease in the particle size of the Co 3 O 4 crystallites in the resulting samples.
INTRODUCTION
The effects of precalcination temperature, metal loading, exposure to ionizing radiation and doping with certain foreign oxides of the surface and catalytic properties of Co 3 O 4 /Al 2 O 3 solid have been investigated previously (Lo Jacono et al. 1971 Cimino et al. 1975; El-Shobaky et al. 1982a -d, 1987a . It has been found that more than one cobalt species may exist in Co 3 O 4 /Al 2 O 3 solids precalcined at temperatures 400ºC. At low loading extents (< 10 wt%), cobalt ions occupy octahedral and tetrahedral sites in Al 2 O 3 leading to the formation of a spinel-like cobalt aluminate compound on the upper surface layers of the solid. At higher loading, Co 3 O 4 may exist as a separate phase (Chin and Hercules 1982) . Increasing the precalcination temperature of the Co 3 O 4 /Al 2 O 3 system to > 600ºC enhanced the solid-solid interactions and led to the formation of CoAl 2 O 4 solid whose extent increased on increasing the temperature. *Author to whom all correspondence should be addressed.
Treatment with small amounts of Li + , Na + , Zn 2+ , Ga 3+ or Ge 4+ has been shown to modify the surface properties of the NiO/Al 2 O 3 , CuO/Al 2 O 3 , Co 3 O 4 /Al 2 O 3 and Co 3 O 4 /MoO 3 /Al 2 O 3 systems (Cimino et al. 1975; Lo Jacono et al. 1977; Okamoto et al. 1991; El-Shobaky et al. 1997 , 1998a . Thus, treatment of the CuO/Al 2 O 3 system with Li 2 O or ZnO hindered solid-solid interaction and led to the formation of copper aluminate (El-Shobaky et al. 1997 , 1998b . Similarly, Cimino et al. (1975) have reported that the addition of ZnO or Ga 2 O 3 to the NiO/Al 2 O 3 system enhanced the formation of NiAl 2 O 4 and, through the use of optical activity and magnetic susceptibility measurements, Lo Jacono et al. (1977) have claimed that the addition of Zn 2+ , Ga 3+ or Ge 4+ enhanced the formation of cobalt aluminate in the Co 2 O 3 /Al 2 O 3 and Co 3 O 4 /MoO 3 /Al 2 O 3 systems. Chin and Hercules (1982) have reported that ZnO treatment of Co 3 O 4 /Al 2 O 3 containing low cobalt concentrations (£ 8 wt% Co) enhanced the formation of cobalt aluminate as a result of the diffusion of Co ions into the tetrahedral sites of the g-Al 2 O 3 support at higher Co loadings. Treatment with ZnO also led to a considerable increase in the concentration of surface cobalt species.
The present studies were directed towards an examination of the effects of ZnO doping on the surface and catalytic properties of Co 3 O 4 /Al 2 O 3 solids with Co 3 O 4 loadings of 10.55 wt% and 32.0 wt%, respectively. The techniques employed were IR spectroscopy, XRD methods, nitrogen adsorption at -196ºC and the decomposition of H 2 O 2 at 20-40ºC.
EXPERIMENTAL

Materials
Two series of Co 3 O 4 /Al 2 O 3 solids were prepared by impregnating a known weight of finely powdered Al(OH) 3 solid with aqueous solutions containing calculated amounts of cobalt nitrate hexahydrate [Co(NO 3 ) 2 6H 2 O] dissolved in the least amount of distilled water necessary to make a paste. The resulting solids were dried to constant weight at 100ºC and then precalcined by heating at 400-600ºC for 5 h. The nominal compositions of the prepared solids after precalcination were 0.025Co 3 Another series of ZnO-treated solids was prepared by impregnating a known weight of finely powdered Al(OH) 3 solid with calculated amounts of zinc nitrate hexahydrate [Zn(NO 3 ) 2 6H 2 O] dissolved in the least amount of distilled water necessary to make a paste. The resulting solids were again dried to constant weight at 100ºC and then heated at 500ºC for 5 h. The solid samples thus obtained were impregnated with cobalt nitrate hexahydrate dissolved in the least amount of distilled water, dried at 100ºC and then precalcined by heating at 400-600ºC for 5 h. The amounts of ZnO thus added varied between 0.36 wt% and 1.41 wt% for solids having the nominal composition 0.05Co 3 O 4 /Al 2 O 3 and between 1.07 wt% and 2.12 wt% for solids with the nominal composition 0.20Co 3 O 4 /Al 2 O 3 . All the chemical employed in these various preparations were of analytical grade as supplied by BDH Ltd.
Techniques
Most of the prepared samples were examined by IR spectroscopy over the spectral range 220-4000 cm -1 using a Perkin-Elmer FT-IR 1650 spectrophotometer employing samples prepared as KBr discs. The most important and characteristic absorption bands thus determined were compared with those reported in the literature.
X-Ray investigations of the pure and variously doped specimens precalcined at 400-600ºC were carried out using a type PW 1390 Philips diffractometer using Fe-filtered Co radiation (l = 1.7889 Å) at 36 kV and 15 mA employing a scanning rate of 2° at 2q/min. The specific surface areas of the pure and variously doped catalyst samples were determined from nitrogen adsorption isotherms measured at -196ºC using a conventional volumetric apparatus. Before undertaking such measurements, each sample was degassed under a reduced pressure of 10 -5 Torr.
The catalytic activities of the various catalyst samples were determined by studying the decomposition of H 2 O 2 in their presence at 20, 30 and 40ºC using 0.2 ml volumes of H 2 O 2 of known concentration diluted to 20 ml with distilled water. The mass of catalyst sample taken in each kinetic experiment was fixed at 100 mg for the pure and variously doped samples. The kinetics of the reactions were monitored by measuring the volume of O 2 liberated at different time intervals until equilibrium was attained. Nyquist and Kagel 1971; Gadsden 1975; Ohtsuka et al. 1977; El-Shobaky et al. 1983; Vuurman et al. 1996) , while those relating to Al 2 O 3 occur at 600-1200 cm -1 (Amores et al. 1999) . The observed broadening in some of IR bands characteristic for the Co 3 O 4 structure can be attributed to the superposition of these bands with those relative to Al 2 O 3 . Bands relating to the M-OH group occur at ca. 1100 cm -1 (Nakamoto 1986) while those related to physisorbed water or H-bonded hydroxy groups are located at 3421.6 cm -1 and 1635.6 cm -1 , respectively (Querini et al. 1998; Busca 1998; Fouad et al. 2000) . Figure 1 also shows the FT-IR bands for the 0.20Co 3 O 4 /Al 2 O 3 solid doped with 1.07, 1.60 and 2.12 wt% ZnO, respectively. Comparison of the IR spectrum for the pure sample with those for solids treated with different proportions of ZnO (see Figure 1 ) indicates that treatment with ZnO effected a progressive decrease in the intensity of the characteristic transmission bands for the Co 3 O 4 structure. This finding could suggest a possible role for ZnO in weakening the Co 3 O 4 structure. 400ºC resulted in a decrease in the degree of ordering of the Co 3 O 4 phase or a decrease in the particle size. In other words, the addition of ZnO hindered the grain growth process of Co 3 O 4 crystallites to an extent proportional to the amount of ZnO added. This effect could result from a possible coating of the Co 3 O 4 crystallites with a ZnO film which acts as an energy barrier opposing their particle adhesion.
RESULTS AND DISCUSSIONS
IR investigations of the pure and variously doped solids
XRD investigations of the pure and variously doped solids
Specific surface areas of the pure and variously doped solids
The specific surface areas (S BET ) of the pure and ZnO-treated 0.05Co 3 O 4 /Al 2 O 3 and 0.20Co 3 O 4 / Al 2 O 3 solids were determined from nitrogen adsorption measurements conducted at -196ºC, thereby allowing an examination of the effects of precalcination temperature and the addition of various amounts of ZnO dopant. The results obtained are listed in Table 1 and indicate the following:
Increasing the Co 3 O 4 content of the solids from 10.55 wt% to 32.0 wt% led to a decrease of 14% in the S BET values of solids precalcined at 400ºC. Treatment with ZnO of the various Co 3 O 4 /Al 2 O 3 solids examined led to a progressive increase in their BET surface areas; with the 0.05Co 3 O 4 /Al 2 O 3 solid to which 1.41 wt% ZnO had been added and followed by precalcination at 400ºC, this increase amounted to 21%. The maximum increase in the specific surface area (ca. 42%) was observed with the 0.20Co 3 O 4 /Al 2 O 3 sample to which 2.12 wt% ZnO had been added before precalcination. An increase in the precalcination temperature of 0.05Co 3 O 4 /Al 2 O 3 to 600ºC led to a significant decrease (ca. 27%) in the value of its BET surface area. ZnO treatment of the 0.05Co 3 O 4 /Al 2 O 3 sample followed by precalcination at 600ºC effectively hindered the sinterability of the treated solid. In fact, the BET surface area of this particular sample when treated with 1.41 wt% ZnO measured 159 m 2 /g while that of the ZnO-free sample precalcined at the same temperature was 112 m 2 /g. This suggests that ZnO acted as a stabilizer towards any thermal sintering processes occurring in the treated solids.
When combined, the results of the XRD analyses and specific surface area measurements mentioned above showed that ZnO treatment of 0.05Co 3 O 4 /Al 2 O 3 solids precalcined at 400ºC led to an effective decrease in the particle size of the Co 3 O 4 phase to an extent proportional to the amount of ZnO present. This treatment also led to an effective increase in the BET surface areas of the treated solids. Such findings could indicate that the treated solids would exhibit a significant increase in catalytic activity. 
Catalytic activities of the pure and variously doped solids
Effect of precalcination temperature
The kinetics of H 2 O 2 decomposition in the presence of the 0.05Co 3 O 4 /Al 2 O 3 solid precalcined at 400, 500 and 600ºC were monitored by measuring the volume of O 2 liberated at different time intervals until equilibrium was attained. Such catalytic examinations were undertaken at 20, 30 and 40ºC, respectively. The results obtained showed that the reaction followed first-order kinetics in all cases. The slopes of the first-order plots allowed the ready determination of the reaction rate constant, k, measured at a given temperature for a given catalyst sample. Figure 3 depicts representative first-order plots for the catalyzed reaction carried out at 30ºC over solids precalcined at 400, 500 and 600ºC, respectively. The respective computed values of k as measured at 30ºC (k 30ºC ) for such samples were 13.3, 5.6 and 2.8 × 10 -3 min -1 , respectively.
To account for the decrease in the BET surface areas of the samples investigated as a result of precalcination at 400-600ºC, the values of the reaction rate per unit surface area, _ k, were calculated. The corresponding values obtained (see Table 3 ) were 8.6, 3.7 and 2.5 × 10 -4 1/(m 2 min) for samples precalcined at 400, 500 and 600ºC, respectively. The observed decrease in the catalytic activity (when expressed as _ k) as a result of increasing precalcination temperature may be attributed mainly to the effective removal of surface OH groups which act as active sites for the H 2 O 2 decomposition reaction . The fact that an increase in precalcination temperature from 500ºC to 600ºC had only a small effect on the value of _ k may indicate that treatment at temperatures up to 500ºC removes most of the OH groups from the solid surface. 
Effect of Co 3 O 4 loading
The catalytic decomposition of H 2 O 2 was also studied at 30ºC over Co 3 O 4 /Al 2 O 3 samples containing different amounts of Co 3 O 4 but all subjected to the same precalcination temperature of 500ºC. First-order kinetics were again observed in all cases, the values of k 30ºC determined for the various solids investigated being depicted graphically in Figure 4 plotted against the amounts of Co 3 O 4 present in the samples. The data obtained clearly show that the values of k 30ºC increased progressively as the amount of Co 3 O 4 in the samples increased over the range 5.57 wt% to 19.09 wt%. Further increase in the Co 3 O 4 content above this limit was accompanied by an abrupt increase in the value of k 30ºC . Such behaviour may be attributed to most of the cobalt species being present as cobalt aluminate in samples containing more than 5.57 wt% Co 3 O 4 , with crystallization of the Co 3 O 4 phase occurring at concentrations 26.14 wt%. It is well known that the catalytic activity of Co 3 O 4 is far greater than that of cobalt aluminate (Bolt et al. 1993) . In fact, it is also well known that alumina can retain cobalt species in octahedral and tetrahedral positions to form a cobalt aluminate compound with an epitaxial surface on heat treatment of solids containing less than 10 wt% Co 3 O 4 at 500ºC (Chin and Hercules 1982) . Increasing the amount of Co 3 O 4 above this limit resulted in crystallization of the Co 3 O 4 phase. 
Effect of ZnO treatment
The catalytic decomposition of H 2 O 2 was also conducted at 20, 30 and 40ºC over pure and ZnOtreated 0.05Co 3 O 4 /Al 2 O 3 and 0.20Co 3 O 4 /Al 2 O 3 samples precalcined at 400ºC. Figures 5 and 6 show representative first-order plots for the decomposition at 30ºC over such ZnO-treated samples. The corresponding data listed in Tables 2 and 3 clearly demonstrate that small additions of ZnO to the Co 3 O 4 /Al 2 O 3 samples led to a substantial increase in the rate constant k over the range of temperatures studied and also to a corresponding increase in the value of the rate constant per unit area of catalyst (k) measured at the same temperatures.
Determination of the apparent activation energy (DE) for the decomposition of H 2 O 2 in the presence of the pure and variously doped Co 3 O 4 /Al 2 O 3 solids has shed some light on the possible Although these results relate to the changes observed in the catalytic activity of the treated solids, it was also found that when followed by precalcination at 400ºC the doping process was accompanied by changes in the value of the Arrhenius pre-exponential factor (ln A) which varied between 40.6 and 16.3 for the pure and variously doped 0.20Co 3 O 4 /Al 2 O 3 samples and from 35.4 and 27.2 for the pure and variously doped 0.05Co 3 O 4 /Al 2 O 3 solids. When followed by precalcination at 500ºC or 600ºC, the doping process also led to changes in the value of ln A which ranged between 26.5 and 21.3 and between 33.0 and 28.9 for pure 0.05Co 3 O 4 /Al 2 O 3 and heavily doped solids precalcined at the two respective temperatures. Such data reflect the heterogeneous nature of the catalyst surface.
To account for such heterogeneity, the activation energies for the catalytic reactions were calculated adopting the values of A for the untreated catalyst samples precalcined at 400, 500 and 600ºC, respectively, for the corresponding doped samples precalcined at the same temperatures. The resulting values, denoted as DE* (see Table 4 ), were virtually the same to within experimental error for the pure and variously doped Co 3 O 4 /Al 2 O 3 solids precalcined at the same temperature.
This indicates that ZnO treatment of the Co 3 O 4 /Al 2 O 3 samples did not change the mechanism of the catalytic reaction when conducted over these solids but rather changed the concentration of catalytically active sites on their surfaces. This conclusion was further supported by an analysis based on the dissipation function for the energy of the active sites arising from surface heterogeneity (Balandin 1953 
